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Tensile specimens of metal ﬁlms on compliant substrates are widely used for determining interfacial properties. These properties are
identiﬁed by the comparison of experimentally observed delamination buckling and a mathematical model which contains the interface
properties as parameters. The current two-dimensional models for delamination buckling are not able to capture the complex stress and
deformation states arising in the considered uniaxial tension test in a satisfying way. Therefore, three-dimensional models are developed
in a multi-scale approach. It is shown that, for the considered uniaxial tension test, the buckling and associated delamination process are
initiated and driven by interfacial shear in addition to compressive stresses in the ﬁlm. The proposed model is able to reproduce all
important experimentally observed phenomena, like cracking stress of the ﬁlm, ﬁlm strip curvature and formation of triangular buckles.
Combined with experimental data, the developed computational model is found to be eﬀective in determining interface strength
properties.
 2013 Acta Materialia Inc. Published by Elsevier Ltd.
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The interface properties of thin, brittle ﬁlms on compli-
ant substrates are of great interest in applications such as
hard protective coatings, gas barrier coatings, thin ﬁlm
transistors, ﬂexible electronics and sensors. In these appli-
cations, interfacial adhesion dominates the mechanical per-
formance where high adhesion is desired over poor
adhesion. While there are several techniques available to
measure the interfacial properties of thin ﬁlms on rigid sub-
strates, including nanoindentation [1,2], four-point bending
[3] and spontaneous buckle delamination [4], it can be dif-
ﬁcult to apply the same techniques to compliant polymer1359-6454  2013 Acta Materialia Inc. Published by Elsevier Ltd.
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Open accessubstrate systems [5]. Currently, the most commonly used
techniques to assess interface properties of a thin ﬁlm on
a compliant substrate is to use bending experiments [6] or
uniaxial tensile straining to induce ﬁlm fracture and delam-
ination in the form of buckles [7–9]. The tensile straining
technique is based on the fragmentation test and described
by shear lag theory [10]. Both adhesion measurement
approaches (bending and tensile straining) rely on accurate
mathematical models of the experimental process to deter-
mine the interface properties.
Many theoretical models have been developed over the
years to describe brittle thin ﬁlm fracture [4,11–15]. These
models have been able to explain the failure criteria of thin
ﬁlms on a range of substrates due to thermal or mechanical
strain. Another set of modelling eﬀorts has focused on the
buckling phenomena of ﬁlms on rigid, i.e. very stiﬀ, sub-
strates [4,16,17]. The most successful theory is that of
Hutchinson and Suo [4] to measure the interfacial adhesions under CC BY-NC-ND license.
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properties of the ﬁlm. In this case, the buckles form spon-
taneously due to high residual stresses in the ﬁlm or can be
triggered by indentation. With respect to ﬁlms on elasto-
mer substrates, the wrinkling of ﬁlms [18–20] is of great
interest due to the possibility of providing more “stretch-
ability” to ﬂexible electronics [21]. The combination of
models to take into account the fracture and buckling of
brittle thin ﬁlms on compliant polymer substrates under
tensile strain and to help describe interfacial properties,
as in this work, is relatively new. The existing approaches
are based on two-dimensional (2-D) models [7] or shear-
lag theory [9], and are thus limited in applicability. Partic-
ularly in the case of the uniaxial tensile test, as considered
in this paper, 3-D eﬀects play a dominant role that never
can be achieved by 2-D models.
An analytical model based on an energy balance is able
to relate measured buckle geometries from a tensile strain-
ing experiment to the adhesion energy of the interface [7].
However, this model was developed as a 2-D model and
does not accurately capture the real interface failure or,
consequently, buckling behaviour. Experiments have
shown [7,8] that buckling and the associated delamination
process are initiated and driven by interfacial shear in addi-
tion to compressive stresses in the ﬁlm. Motivated by the
deﬁciencies of the current 2-D models, the goal of this
paper is to demonstrate a computational multi-scale 3-D
ﬁnite element simulation of the experimental process. This
new approach uses a two-stage model, which is able to cap-
ture all of the important experimentally observed eﬀects,
i.e. correct load transfer between ﬁlm and substrate before
and after cracking of the ﬁlm, shear-stress-induced local
out-of-plane deformation of the ﬁlm and mixed mode
delamination. Careful consideration of these 3-D eﬀects is
required for a suﬃciently accurate determination of initial
fracture stress and strain, initial buckling strain, etc. A
macromodel comprising the tensile test specimen is ana-
lysed ﬁrst, delivering boundary conditions for the micro-
model of a single localized buckle. The modelling
strategy involves cohesive zone elements to model the inter-
face between the ﬁlm and the substrate. The determination
of interface properties, i.e. parameters of the cohesive ele-
ments, from the ﬁnite element model together with experi-
ments is therefore an inverse problem that can be solved by
conducting a parameter study.
2. Finite element modelling of the experimental process
In the uniaxial tension tests performed by Cordill et al.
[7,22], specimens of a 100 nm chromium ﬁlm, subsequently
called “ﬁlm”, on a 50 lm polyimide substrate, subsequently
called “substrate”, with eﬀective dimensions of 10 mm
times 20 mm, were strained with a constant strain rate in
a low-load tensile straining device (Kammrath & Weiss,
Dortmund, Germany) and observed inside a scanning elec-
tron microscope. Channel cracks transverse to the straining
direction initiate at a global strain of 0.4% and, withincreasing strain, cracks continue to form until saturation
spacing is obtained. The saturation crack spacing is
2.8 ± 0.9 lm (Fig. 1a). The diﬀerent elastic properties of the
two laminate layers lead to an observable curvature of the
specimen. Additionally, due to the mismatch of the Poisson’s
ratio between the ﬁlm (mf= 0.21) and substrate (ms= 0.34),
uniaxial straining leads to compressive stresses transverse to
the tensile direction in the ﬁlm. At a global strain level of
10%, where both materials are in the plastic regime, buckles
form in the ﬁlm strips, causing interfacial failure between
the ﬁlm and the substrate. Buckles generally form in two
shapes, rectangular (Fig. 1b) and triangular (Fig. 1c). The
buckles will also form cracks at their apex (the top of the
buckle) due to the brittle nature of the ﬁlm and tensile bend-
ing stresses. This study will only address non-cracked buckles
as the buckles initially form without cracking.
2.1. Macromodel
Macromodels are used to determine the cracking stress in
the ﬁlm and to gain boundary conditions for a micromodel.
For these purposes, two diﬀerent macromodels are required.
In both models shell elements are used to represent a quarter
of the symmetric tension test specimen (see Fig. 2). Symme-
try boundary conditions are used on the edges in the symme-
try planes. The loading edge is clamped and translated in the
x-direction, modelling the global straining of the test speci-
men. The analysis is displacement controlled and starts from
an undeformed, stress-free initial state, not taking into
account any residual stresses, which might be present in
the specimen due to the deposition process.
The ﬁrst macromodel is used to determine the cracking
stress of the ﬁlm, which is the stress state at the global
strain level at which cracking is experimentally observed,
being 0.4%. At this strain level both materials, substrate
and ﬁlm, are assumed to be in the elastic regime. The spec-
imen is modelled by composite shell elements with bilinear
interpolation functions and a total of 11 integration points
over the thickness; one integration point represents the ﬁlm
material and the rest represents the substrate. The deter-
mined maximum principal stress in the ﬁlm at the global
strain level of 0.4% is the determined cracking stress.
After the ﬁlm has cracked transversely to the global
straining direction, it loses its stiﬀness in this direction.
Therefore, in a second macromodel, the ﬁlm strips sepa-
rated from each other by the cracks perpendicular to the
global straining direction can be modelled by truss ele-
ments on the shell node lines in the y-direction. Truss
and shell elements use shared nodes located on the shell ref-
erence surface. To accurately model the bending stiﬀness of
the composite, an oﬀset of (h + t)/2 is used for the truss ele-
ments (see Fig. 2). Comparisons of the results achieved
from this model with the results obtained from a model,
in which the cracked ﬁlm is modelled as an orthotropic
shell with no stiﬀness in the x-direction, have conﬁrmed
the correctness of the “truss” model. The analysis is started
from an undeformed, initially stress-free state. This is
Fig. 1. (a) Example of the cracks that form perpendicular to the tensile direction and rectangular and triangular buckles which form parallel to the tensile
direction; (b) SEM micrograph of a rectangular buckle, cracked at the top; (c) atomic force microscope height image of a triangular buckle of a 500 nm
thick ﬁlm.
Fig. 2. Schematic sketch of the macromodel (b = 10 mm, l = 20 mm, t = 50 lm, h = 100 nm).
Fig. 3. Stress vs. strain curves for the modelled materials: (a) polyimide
substrate (Young’s modulus E = 3.704 GPa, Poisson’s ratio m = 0.34, yield
stress ry = 34.3 MPa) and (b) chromium ﬁlm (E = 280 GPa, m = 0.21,
ry = 1200 MPa).
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ﬁlm cracks. Contrary to the ﬁrst macromodel, plasticity
needs to be taken into account now, both in the substrate
and the ﬁlm. The uniaxial stress–strain curve of the sub-
strate is experimentally determined. The material behav-
iour of the ﬁlm is assumed to be linear elastic, ideal
plastic, with a yield stress slightly higher than the previ-
ously determined cracking stress. Stress–strain curves for
both materials are depicted in Fig. 3. The local strains at
the centre of the specimen, where the compressive stresses
in the ﬁlm are at a maximum, are used as boundary condi-
tions for the micromodel.
2.2. Micromodel
The micromodel is a 3-D continuum model of a small
part of a ﬁlm strip with a portion of the underlying sub-
strate (see Fig. 4). Due to the assumed double symmetry,
only a quarter of the detail is modelled. The detail is cutout from the centre of the tensile test specimen. The size
of the micromodel should be suﬃciently large to capture
the local phenomena, and as small as possible to make
Fig. 4. Schematic sketch of the micromodel (d = 2.8 lm, h = 100 nm).
Fig. 5. General traction–separation law for the cohesive zone model.
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responds to half of the average crack spacing obtained
from experiments. The portion of the thickness of the sub-
strate to be modelled is determined by the inﬂuence depth
of ﬁlm wrinkles. This is assumed to be d = 1.8 lm, which is
much smaller than the complete thickness of the substrate
(t = 50 lm).
The boundary conditions (depicted in Fig. 4) are gener-
ated from the macromodel with the cracked ﬁlm. This sim-
ulation delivers a relation between the applied global strain
and the local strain state at an arbitrary position in the
specimen. The micromodel is extremely small in compari-
son with the length scale of the macroscopic strain varia-
tion, and is located in the centre of the specimen, where
the strain variations are smallest. Therefore, spatially con-
stant displacements are prescribed at the faces x = d/2 and
y = 4d. The values of these displacements are computed
from the macroscopic strains and applied in an incremen-
tal–iterative way. At the position of the micromodel the
macroscopic strain state is dominated by the membrane
strains; the rotations are very small (see Fig. 8) and are
therefore ignored in the computation of the local displace-
ment boundary conditions on the y = 4d and x = d/2
planes. To ensure continuity, ﬁlm and substrate displace-
ments in the y-direction must be equal. Global shear defor-
mations, in plane as well as out of plane, are very small at
the position of the micromodel and can be ignored with
good accuracy. The nodes on the plane z = d are con-
strained to this plane, because disturbances to the trivial
strain ﬁeld in the vertical direction arising due to buckle
formation are assumed to be negligible at this distance.
This assumption could be conﬁrmed by checking the reac-
tion forces that arise. All other z-displacements in the
micromodel are left free, hence applying the z-displacement
obtained from the macromodel would only lead to a rigid
body motion of the whole micromodel. Thus, the com-
puted z-displacements in the micromodel can be regarded
as relative displacements with respect to the z = d plane.
The substrate and ﬁlm are connected by cohesive
zone elements with zero thickness in the undeformed con-
ﬁguration. The used elements are based on the conceptby Tvergaard and Hutchinson [23]. The in-plane separa-
tions, d1 and d2, as well as the out-of-plane separation,
d3, are evaluated by calculating the separation vector
spanned by the midpoints of the lower and upper sides of
the deformed cohesive element. A non-dimensional eﬀec-
tive separation is then deﬁned as
k ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
d1
dct
 2
þ d2
dct
 2
þ hd3i
dcn
 2s
; ð1Þ
where dct and d
c
n are the in-plane and out-of-plane separa-
tions, respectively, at which complete interfacial failure
would occur if either tangential or normal traction were ap-
plied separately. The McCauley bracket is used to distin-
guish between tension (d3P 0) and compression (d3 < 0).
For d3 < 0, the expression hd3i is zero. A functional rela-
tionship between generalized traction and eﬀective separa-
tion, t(k) – the so-called traction-separation law, depicted
in Fig. 5 – is used. The relation between the non-
dimensional separation and generalized traction is assumed
to be bilinear, with an ultimate generalized traction of r^.
The rising slope of the traction–separation relation is
kept relatively stiﬀ by setting k1 = k2 = 0.01. The non-
dimensional separation at which the interface fails is at
kf = 1. Increasing the parameter k1 one order of magnitude
to 0.1 and to 0.5, respectively, yields only marginal changes
in the simulation results. This insensitivity was also
observed in a related problem [24]. The traction potential,
deﬁned as
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Z k
0
tðkÞdk; ð2Þ
is used to calculate the traction vector by ti = oU/odi, which
can be expressed in matrix form
t ¼
t1
t2
t3
2
64
3
75 ¼ tðkÞ
k
dcn
dctð Þ2 0 0
0 d
c
n
dctð Þ2 0
0 0 1dcn
2
66664
3
77775
d1
d2
d3
2
64
3
75: ð3Þ
In the case of compression, the normal traction is calcu-
lated by
t3 ¼ pr^ kfk1
d3
dcn
; ð4Þ
using a penetration stiﬀness multiplier p = 10. This means
that the initial stiﬀness of the interface in compression is
ten times larger than in tension, eﬀectively preventing any
substantial material penetration. The interface toughness
per unit area, expressed in terms of an energy release rate,
is the area under the traction–separation curve. For the as-
sumed bilinear traction separation law, the energy release
rates for mode I, GcI , and for mode II, G
c
II , are related to
the ultimate generalized traction and the ultimate separa-
tions by
GcI ¼
dcnr^
2
; ð5Þ
GcII ¼
dct r^
2
: ð6Þ
The properties of the cohesive zone are mainly governed by
the parameters r^;GcI and G
c
II .
In the current study, the results achieved with three dif-
ferent values, 40 GPa, 80 GPa,and 120 GPa, for the ulti-
mate generalized traction, r^, as well as various energy
release rates, were compared against each other. For the
energy release rate in mode I, GcI , the values 0.5 Nm/m
2,
1.0 Nm/m2, 4.5 Nm/m2 and 10.0 Nm/m2 were taken. The
energy release rate in mode II was set by specifying the
ratio v ¼ GcI=GcII . For this, values for v of 0.1, 0.5, 1, 2(a)
Fig. 6. Diﬀerent imperfections to trigger buckand 10 were taken. An important impact of the values of
v on the buckling and delamination process was observed.
In order to induce buckling, i.e. deviation from the triv-
ial equilibrium path, a small imperfection needs to be intro-
duced in the computational model. Simulations with two
diﬀerent types of imperfections, depicted in Fig. 6, were
performed. The ﬁrst imperfection consists of an initially
debonded area of the width of one element along the yz-
symmetry plane of the micromodel. This imperfection
was used in most of the simulations. The second imperfec-
tion is purely geometrical, in the form of a small initial
buckle similar to the buckling mode, at the yz-symmetry
plane across the width of one ﬁlm strip. In this case there
is no initial debonding. The initial buckle height is 1/10
of the ﬁlm thickness. This imperfection was used to check,
if the shape of the initial imperfection has an impact on the
buckling process.
3. Results and discussion
3.1. Determination of the fracture stress of the ﬁlm
The fracture stress of the brittle chromium ﬁlm is deter-
mined to be 1200 MPa. This value agrees well with in situ
X-ray diﬀraction measurements of a strained 100 nm thick
chromium ﬁlm on polyimide, which was found to be
1500(±250) MPa). Considering the small grain size of the
ﬁlm (20 nm columnar grains [22]), this high value is realis-
tic. Fig. 7 shows the von Mises equivalent stress in the ﬁlm
at the experimentally determined cracking strain. The stress
distribution in the ﬁlm is almost constant over a wide area
in the centre of the specimen.
3.2. Deformation of the specimen with cracked ﬁlm
At the unclamped edges the specimen curves down-
wards, away from the ﬁlm. The z-displacements of the
nodes on the symmetry planes are plotted in Fig. 8. Here
it can be seen that the centre of the specimen remains
almost ﬂat during the course of the simulation. Since this(b)
ling: (a) debonded area, (b) initial buckle.
Fig. 7. Von Mises equivalent stress in the ﬁlm at a global strain level of
0.4%. (For interpretation of the references to colour in this ﬁgure legend,
the reader is referred to the web version of this article.)
Fig. 8. Global z-displacement in the symmetry planes of the specimen at
diﬀerent global strain levels. The specimen is clamped at x/l = ±1/2.
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for the micromodel. The curvature in the loading direction
is generally decreased due to non-linear geometric eﬀects
with increasing straining (see Fig. 8). This curvature leads
to a higher local strain level in the micromodel compared
to the global strain level. The same holds for the strain level
transverse to the primary loading direction.
3.3. Film strip curvature
As the substrate is strained underneath the cracked ﬁlm,
shear stresses are activated and concentrated at the inter-
face area close to the channel cracks, as described by shear
lag models (see e.g. [10]). The shear stresses in the x-
direction, i.e. perpendicular to the crack, at the interface
also lead to a bending moment in the ﬁlm. This bending
moment is observed as an upward bend of the ﬁlm at the
channel crack edges, as is illustrated in Fig. 9a. Similar
bending is found from the simulation (micromodel), as
shown in Fig. 9b. The upward bend at the crack edges
has been experimentally observed in ﬁlms held in tension
and imaged with an atomic force microscope (AFM)
[25,26]. Using a miniaturized, screw-driven tensile frame,
it is possible to strain a ﬁlm–substrate system under an
AFM tip to observe the bending of the ﬁlm between the
channel cracks. In Fig. 9c, this is demonstrated for a
200 nm chromium ﬁlm on a 50 lm thick polyimide sub-
strate strained 15%. It is worth mentioning that this eﬀect
cannot be captured by 2-D models.3.4. Buckling and delamination
A typical buckle formation is visualized in Fig. 10. The
computations have shown that the buckling phenomenon
is induced by shear failure of the interfaces along the chan-
nel crack edges. The concentration of the shear stresses
close to the introduced imperfections triggers localization
of the debonding failure at their position. The compressive
stresses in the y-direction in the ﬁlm cause the formation of
a buckle at the location of the failed interface. Therefore, a
triangular buckle is formed. The two triangular buckles,
symmetrically arranged in the strip, grow and propagate
to the centre of the strip, where they join and proceed to
form a rectangular buckle. The observed process of buckle
formation is fundamentally three dimensional. The princi-
pal features of this buckling and post-buckling process was
found to be widely independent of the used interface
parameters and of the type of initial imperfection. Initial
mode I failure and the formation of a rectangular buckle,
as considered by existing 2-D models [7], has only been
achieved by using an initial imperfection similar to the rect-
angular buckling mode and a very weak interface with val-
ues of 20 MPa for the ultimate generalized traction, r^, and
of 0.5 Nm/m2 and 2.5 Nm/m2 for the energy release rates
in mode I and mode II, GcI and G
c
II , respectively.
The obtained buckle shapes compare well with the
experimentally observed ones for half buckle width
(b = 7h) and buckle height (d = 1.4h) [7]. The evolution
of the buckle shape is depicted in Fig. 11. The buckle pro-
ﬁle remains geometrically similar until the triangular
buckle reaches the centre of the ﬁlm strip. The now rectan-
gular buckle grows wider by rapid delamination (compare
Fig. 11 c and d), which is an indication of an unstable por-
tion in the post-buckling path. This supposition is assured
by the experimental observation of cracks along the apex of
the buckles (see Fig. 1b). The global strain level at which
the triangular buckles join at the centre is sensitive to the
initial imperfection employed. Therefore, care has to be
taken when determining interface properties by compari-
son of model and experiment.
3.5. Determination of the interface properties
Fig. 12a shows calculated load–displacement curves of
the gap width between the ﬁlm and the substrate at the cen-
tre of the strip (at x = y = 0) in relation to the global strain
level for a range of diﬀerent interface properties and initial
imperfections. The global strain level at which the triangu-
lar buckle reaches the centre of the strip and rapid delam-
ination occurs is clearly visible in the curves as a sudden
increase in the gap width at an almost constant global
strain. This global strain level will be termed “critical glo-
bal strain” or “buckling strain” in the following. Fig. 12b
shows the dependence of the critical global strain on the
energy release rate in mode I for the two modelled initial
imperfections. It can be seen that the critical global strain
depends on the interface properties. Conducting a parame-
(a)
(b) (c)
Fig. 9. (a) Schematic sketch of the upward bending of the edges of a ﬁlm strip due to shear stresses; (b) cross section of a ﬁlm strip, far away from the
initial imperfection, for a model with r^ ¼ 80:0 MPa; GcI ¼ 1:0 Nm=m2 and GcII ¼ 0:5 Nm=m2 at a global strain level of 4.4%. The simulated model is
mirrored with respect to the symmetry planes. Fringe colours show nodal displacements in millimetres; (c) AFM image of a 200 nm Cr ﬁlm on polyimide
under tension strained to 15% and two measured height proﬁles. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred
to the web version of this article.)
Fig. 10. Evolution of buckle formation for a model with r^ ¼ 80:0 MPa; GcI ¼ 1:0 Nm=m2 and GcII ¼ 2:0 Nm=m2: localization around the initial
imperfection (a); formation of a triangular buckle (b); creation of a rectangular buckle (c). The simulated model is mirrored with respect to the two
symmetry planes. The fringes show the nodal z-displacement in millimetres. (For interpretation of the references to colour in this ﬁgure legend, the reader
is referred to the web version of this article.)
Fig. 11. Evolution of post-buckling deformation, i.e. of the buckle shape for r^ ¼ 80:0 MPa; GcI ¼ 1:0 N=m, and GcII ¼ 2:0 N=m (view from the channel
crack perpendicular towards the middle of the strip). The fringes show the nodal z-displacement in millimetres. (For interpretation of the references to
colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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function of the three interface properties r^, GcI and G
c
II .The imperfection similar to the buckling mode is more crit-
ical than the one with the initially debonded area, because
Fig. 12. Gap width between ﬁlm and substrate in the centre of the strip (a); and global strain levels at which separation occurs at the centre (b) for
r^ ¼ 80:0 MPa, v ¼ GcI=GcII ¼ 0:5 and diﬀerent values of GcI and diﬀerent initial imperfections.
2432 F. Toth et al. / Acta Materialia 61 (2013) 2425–2433it leads to earlier buckling with the same interface
properties.
The global strain level at which buckling occurs in the
uniaxial tension test experiment can be determined with
good accuracy [22]. To estimate the interface properties,
parametric studies have to be performed in order to deter-
mine which parameter set ﬁts best, when comparing exper-
imental results with computed ones. As a criterion for this
comparison, the coincidence between the experimentally
obtained and the computed buckling strains is used. This
procedure leads to lower bounds for interface strength
parameters, as explained in the following: it can be
assumed that at least geometrical (buckle-type) imperfec-
tions exist in real specimens that are larger than the extre-
mely small one assumed in the model. Since larger
imperfections lead to a greater reduction in the buckling
strain, it is obvious that a stronger interface than that
one assumed in the model must exist in reality if the exper-
imentally determined buckling strain and the one com-
puted for the model coincide. Thus, the interface strength
(in terms of interface parameters), which in the simulation
leads to the same buckling strain as found in the experi-
ment, represents a conservative estimate. For the specimen
under consideration, used as an example, the interface
properties of r^ ¼ 80 MPa; GcI ¼ 4 Nm=m2 and GcII ¼
8 Nm=m2 match best with the experimentally obtained
buckling strain of 10%.
The portion of the width of the ﬁlm strip that delami-
nates is governed by the value of GcII . Higher values lead
to smaller areas of shear failure along the crack. The shear
properties of the interface could also be determined from
the experimentally measured average crack spacing, as out-
lined by Xie and Tong [27]. The determination of GcII would
allow a reduction in the number of necessary parameter
variations. However, for the investigated material combi-
nation, the computed crack width is widely independent
of the parameter GcII and matches well with experimental
measurements. This can be explained by the high stiﬀness
ratio between the ﬁlm and substrate materials. The strain-
ing of the ﬁlm due to interfacial shear has a minor eﬀect on
the crack width, which is primarily dependent on the plas-tic deformations in the substrate in the vicinity of the crack.
However, by a detailed investigation of the curvature of the
ﬁlm strips, it might be possible to gain further insight into
the acting shear eﬀects.
4. Conclusions
The analyses have shown that the debonding between
ﬁlm and substrate is initiated by failure in mode II. In con-
trast to the assumption of pure mode I failure in 2-D mod-
els, the 3-D models show that a combination of mode I and
mode II appears in the separation process. The buckling
and delamination process is signiﬁcantly a three-dimen-
sional one. The formation of triangular buckles from the
sides of the ﬁlm strips occurs over a wide range of interface
properties, independently of the initial imperfection. Trian-
gular buckles are preferred over the formation of rectangu-
lar buckles. The experimentally observed upwards bending
of the edges of the ﬁlm strips are reproduced by the simu-
lation model. The frequently used 2-D models are not able
to capture these important eﬀects and are therefore not suf-
ﬁcient to accurately model the buckling and debonding
process.
Values of 4.0 Nm/m2 and 8.0 Nm/m2 for the energy
release rates in mode I and mode II, respectively, and of
80.0 MPa for the ultimate traction as obtained for the spec-
imen used as an example in the paper, are in reasonable
agreement with experimental results and can be considered
as estimates of the interface properties.
The presented modelling strategy is applicable to similar
material combinations and could be largely automatized to
allow an eﬃcient execution of parameter studies to deter-
mine the interface properties of thin ﬁlms on compliant
substrates. The modelling concept opens a new way to a
more realistic description of the whole experimental proce-
dure of the uniaxial tension test and thus a more accurate
determination of the interface properties.
Although the developed model can be used for estimat-
ing interface properties, it should be mentioned that the
principal aims of this paper were to study the fundamental
features of the strip tensile test and to explain the
F. Toth et al. / Acta Materialia 61 (2013) 2425–2433 2433experimental observations by comprehensive theoretical
considerations.
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